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© An insertable pickup probe (10) and interface

network (12) for magnetic resonance imaging and

spectroscopy. The pickup probe in the preferred

embodiment is for use in imaging the male prostate

and comprises an elongated shaft (14) supporting a

patient interface balloon (16) at its distal end which

contains a RF receiving coil (52). The interface bat-

loon comprises an inflatable inner balloon (44) en-

closed by a flexible outer balloon (46). The receiving

coil is positioned between the inner and outer bal-

loons and placed intimately adjacent the region of

interest by inflating the inner balloon to expand out*

wardly against the outer balloon. In addition, a non*

stretchable planar material (50) is provided on the

surface on the inner balloon adjacent the receiving

coil for ensuring that the receiving coil is placed

adjacent the region of interest The inner balloon is

inflated by an inflator cuff connected to the shaft and

communicated to the inner balloon by a first lumen
in the shaft The receiving coil is electrically con-

nected to an interconnecting cable which is con-

nected to the proximal end of the shaft and commu-
nicated to the receiving coil by a second lumen in

the shaft
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Background of the Invention

The present invention relates to a receiving

device for use in magnetic resonance imaging

(MRI) and spectroscopy systems to enhance the

imaging performance and spectroscopy sensitivity

of such instruments when evaluating anatomical

regions small in size relative to the body, and deep

within the body, but proximate a location where an

insertable pickup probe could be used. Specifically,

the present invention relates to an intracavity pic-

kup probe designed to image the prostate region

by rectaJ introduction, to image the cervix region

by vaginal introduction, or the like.

In the field of MRI systems, also commonly

known as NMR imaging systems, external pickup

probes are typically used for receiving radio fre-

quency signals from the region of interest For

optimum performance however, the pickup probe

should be insertable for intracavity use and which

includes a radio frequency receiving coil, to be

positioned as close to the region of interest as

possible. In addition, the insertable pickup probe

should also have a sensitive volume equaling the

desired field of view of the region of interest This

allows optimization of the "filling factor" and

"coupling coefficient" for the specific MRI system,

thereby improving signal to noise ratio in MR imag-

ing.

Furthermore, for optimum sensitivity, the re-

ceiving coil should have an unloaded coil quality

factor (Q) which is as great as possible and should

be adjusted to resonate at the exact Larmour fre-

quency of the scanner of the MRI system. It also

sometimes is desired that the insertable, intracavity

pickup probe be disposable, and hence the cost of

the probe should be minimized as much as possi-

ble. At the same time, it is important that in reduc-

ing the cost of the probe, the ability to impedance

match and tune the receiving coil to the scanner of

the MRI system not be compromised. Therefore,

there is a need to provide a disposable pickup

probe at minimal cost for use in a MRI system

which is capable of automatically or manually tun-

ing and impedance matching the receiving coil to

the scanner of the MRI system.

Summary of the Invention

It is a primary object of the present invention to

provide an insertable MRI pickup probe and an

interface network having the ability to match the

coil of the pickup probe to the resonant frequency

of an MRI scanner in an MRI system.

It is an additional object of the present inven-

tion to provide an insertable, intracavity pickup

probe capable of being placed in close proximity to

the region of interest to improve the quality of a

magnetic resonance image or spectrum.

It is a further object of the present invention to

provide an insertable MRI pickup probe and an

s interface system having the ability to perform reso-

nant frequency adjustments from a remote location

after the probe is inserted into the body of a

patient

It is yet another object of the present invention

jo to provide an insertable MRI pickup probe having a

receiving coil, and an interface network having the

ability to automatically match the output impedance

of the receiving coil with the input impedance of an

MRI scanner after the probe is inserted into the

is body of the patient.

The present invention in its most specific em-

bodiment relates to an insertable. intracavity pickup

probe, and more specifically an intrarectal pickup

probe and an associated interface network for high

20 sensitivity and high resolution imaging of the male

prostate gland and associated area Although the

pickup probe is described hereinafter as principally

to image or obtain spectra from the area of the

male prostate gland, it should be understood that

25 the concepts outlined herein are equally appro-

priate for other regions of interest such as the

rectum, vagina, and mouth. Additionally, the princi-

ples described herein may be applied to MRI or

NMR applications involving the arteries, veins, and

30 other similar regions of the body reachable by an

insertable or implantable pickup probe.

The insertable pickup probe of the present

invention greatly improves the signal-to-noise ratio

of an image or spectrum acquisition over signal

as pickup devices commonly used with MRI and NMR
scanner systems. In addition, the restricted field of

view of the probe reduces or eliminates image

distortion caused by motion, blood flow, patient

breathing, and signal aliasing when conducting an

40 image acquisition using multidimensional fast

Fourier transform techniques.

The insertable pickup probe of the present

invention comprises a shaft which supports an in-

flatable patient interface balloon at its distal end. In

45 a specific embodiment the interface balloon com-

prises an inner balloon and an outer balloon, be-

tween which a receiving coil is positioned. A lumen

for air supply is provided in the shaft for expanding

the inner balloon outwardly against the outer bai-

so loon to place the receiving coil in close proximity to

the region of interest once the insertable pickup

probe is inserted into the body of the patient In the

specific embodiment of the present invention, the

pickup probe is a prostate probe and is designed

55 for insertion into the body intrarectaUy. An anti-

migration disc is provided which fits onto the shaft

of the probe to prevent migration of the probe

superiorly during the normal peristaltic activity of

2
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the colon. Furthermore, an introducer is provided

which surrounds the shaft and slides over the en-

tire length of the shaft. The introducer functions as

a dilator for the anal sphincter during insertion.

The insertable pickup probe of the present

invention allows for accurate longitudinal and radial

positioning of the balloon within the body by mak-

ing the shaft rigid when twisted radially. The bal-

loon, shaft and handle are bonded together so that

they rotate as a single unit when torque is applied.

The distal tip of the probe is more flexible than the

shaft to avoid perforating tissue during use.

An irtflater cuff is provided which connects to

the shaft and functions as an air pump to deliver a

volume-limited amount of air through the air lumen

of the shaft to the inner balloon. Furthermore, a

stop cock is provided to maintain the air within the

inner balloon. The receiving coil extends through

another lumen of the shaft and connects to an

interconnecting cable which electrically connects

the receiving coil to the interface network. Typi-

cally, the probe, with built-in balloon, receiving coil,

inftator cuff and including the shaft, anti-migration

disc, and introducer, is disposable.

The interface network of the present invention

performs three functions in conjunction with the

insertable pickup probe and a MRI or NMR scan-

ner of an imaging system. First the interface net-

work tunes the receiving coil of the pickup probe to

the Larmour frequency of the scanner. Second, the

interface network matches the output impedance of

the probe to the input impedance of the scanner.

Third, the interface network decouples the receiv-

ing coil during the transmitting portion of a scan-

ning sequence, if the probe is used as a receive

only coil.

Tuning of the receiving coil to the Larmour

frequency of the MRI scanner is accomplished

manually or automatically. In the preferred embodi-

ment the interface network is an electronic op-

timization circuit to automatically adjust the reso-

nance frequency seen at the output of the probe. In

addition, in alternative versions, the Interface net-

work includes an electronic optimization circuit to

allow automatic optimization of both the tuning and

the impedance transformation ratio.

The above and other objects and advantages

of the present invention will become more readily

apparent when reference is made to the following

description, taken in conjunction with the accom-

panying drawings.

Brief Description of the Drawings

Figure 1 is a perspective view illustrating the

insertable pickup probe and the interface network

in accordance with the present invention.

Figure 2 is a cross-sectional view taken

through line 2-2 of the distal inflatable balloon

portion of the insertable pickup probe illustrated in

Figure 1.

s Figure 3 is an end view as seen from line 3-

3 of the insertable pickup probe illustrated in Fig-

ure 1.

Figure 4 is a sectional view taken through

line 4-4 of Figure 2.

io Figure 5 is a top sectional view as seen from

line 5-5 of Rgure 2.

Figure 6 is a schematic diagram illustrating

the receiving coil and interconnecting cable of the

insertable pickup probe of the present invention.

is Rgure 7 is a schematic diagram illustrating

the interconnecting cable and receiving coil fab-

ricated from a single piece of coaxial RF cable in

accordance with the present invention.

Rgure 8 is a cross-sectional view illustrating

20 the shaft of the insertable pickup probe illustrated

in Rgure 1.

Rgure 9 is a schematic diagram illustrating

the circuit for performing impedance matching of

the probe illustrated in Figure 1 wfth a remote MRI
25 scanning system.

Rgure 10 is a schematic diagram illustrating

the circuitry in the interface network for automati-

cally tuning the receiving coil to a specific fre-

quency for a remote MRI scanner.

30 Rgure 1 1 is a schematic diagram illustrating

the circuitry of the interface network for manually

or automatically tuning and impedance matching

the receiving coil to a remote MRI scanner.

35 Detailed Description of the Drawings

Referring first to Rgure 1, the insertable pros-

tate pickup probe is shown in an assembled form

at 10, which connects to an interface network 12.

40 The insertable prostate pickup probe 10 is an MRI
or NMR receiving device capable of imaging or

gathering spectra from the human prostate and

surrounding tissue, but may also be used as the

transmit coil for RF excitation. The probe 10 is

45 used with the interface network 12 which provides

the tuning, impedance matching, and decoupling

functions.

The probe 10 includes a shaft 14 which sup-

ports a patient interface balloon 16 at its distal end,

so an anti-migration disc 18, an introducer 20. and a

handle 22 located at the proximal end of the shaft

14. An fnflater cuff 24 is provided for supplying air

to the patient interface balloon 16 and connects to

the proximal end of the shaft by a tube 26. A stop

55 cock 28 is provided in the tube 26 for controlling

the passage of air through the tube 26 to the

patient interface balloon 16.

As will be described in more detail hereinafter,

3
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a receiving coil is contained within the patient inter-

face balloon 16 and electrically connected to the

interface 1 2 by an insulated interconnecting cable

30 which has a plug 32 at its proximal end for

connection to terminal 34 located on the front of

the interface network 12.

The interface network 12 also includes a termi-

nal 36 for providing a connection to a MRI scanner.

Furthermore, the interface network 12 includes a

switch 38 capable of being moved between an

operating position and a tuning position. To display

to the operator the mode of operation, indicator

lights 40 are provided on the front of the interface

network 12. in addition, a light 42 for indicating the

occurrence of a probe failure is provided on the

front of the interface network 12.

Referring now to Figures 2. 4, 5. and 8, the

patient interface balloon 16 of the insertable pickup

probe 10 is illustrated in more detail. The patient

interface balloon 16 comprises an inner balloon 44

and an outer balloon 46. The inner balloon 44 is

constructed of a flexible medical grade latex or

other eiastomeric material, which is preferably non-

paramagnetic and has low dielectric losses, and is

capable of being inflated with air supplied through

a lumen 48 within the shaft 14, and expelled into

the inner balloon 44 via a hole 49 in lumen 4a The

inner balloon 44 is substantially cylindrical in shape

except for an anterior fiat plane which is covered

with a non-stretchable material plane 50, formed of.

for example, an adhesive backed doth material.

A receiving coil 52 is provided between the

inner balloon 44 and the outer balloon 46 and is

typically formed of a flexible conductive material.

The receiving coil 52 is arranged between the non-

stretchable plane 50 and the outer balloon 46. is

fed to the patient interface balloon 16 through a

second lumen 54 in the shaft 14, and is fed out of

the shaft 14 through a hole 56 in the shaft 14

inside the outer balloon 46.

The outer balloon 46 has an anterior saddle

shape as indicated at reference number 62, for

conformably fitting the rectal prostatic bulge inferior

to the ampulla of the rectum. In addition, the outer

balloon 46 has posterior undulating folds 64 which

allow the patient interface balloon 16 to unfold first

when the inner balloon 44 is inflated. This unfolding

forces the anterior surface 62 to hug the prostatic

region of the rectum, thereby ensuring that the

image field of view of the insertable pickup probe

10 wilt focus on the desired region of interest

The non-stretchable plane 50 serves two func-

tions in the patient interface balloon 16. First the

plane 50 controls the focus of the inflation stretch

of the inner balloon 44; secondly, plane 50 acts as

a guide for the receiving coil 52. Upon inflation, the

inner balloon 44 first stretches posteriorly away

from the receiving coil 52. This initiates the folds

64 of the outer balloon 46 to force posteriorly

against the rectum wall until the anatomy offers an

equal resistance. Then, the non-stretchable plane

50 rises and forces the receiving coil 52 and the

5 anterior surface 62 of the outer balloon 46 against

the region of interest. When inflation is complete,

the receiving coil 52 is in position to receive the

best possible RF signal from the region of interest.

In addition, as shown in Figure 4, lateral in-

fo dentations 74 are provided on the outer balloon 46.

The indentations 74 act as coil positioners when

the balloon is in its uninfiated state. The receiving

coil 52 is positioned on the shelf formed by the

indentations 74 during assembly of the probe. This

is allows the receiving coil 52 to be repeatedly posi-

tioned relative to the shelf inside the outer balloon

46 for numerous clinical inflation and deflation cy-

cles.

Alternatively, the patient interface balloon 16

20 may be constructed with a single ply inflatable

balloon of eiastomeric material. In this arrange-

ment, the receiving coil 52 would be bonded to the

inside surface of the balloon.

Further yet. the interface balloon 16 may be

2s constructed with a single multi-ply balloon. This

balloon would have the receiving coil 52 encap-

sulated between the plies of the eiastomeric ma-

terial. When inflated, the receiving coil 52 would be

forced against the region of interest by the move-

so merit of the balloon. The coil encapsulation would

take place during the balloon fabrication process

by placing the receiving coil 52 on the surface of

the balloon and then redipping the balloon to place

another ply of material over the outer surface of the

35 balloon, thus covering the receiving coil 52.

To assist a clinician in the insertion of the

pickup probe 10, a colored stripe 55 is painted or

otherwise marked on the shaft 14. The stripe 55.

best shown in Figure 1, and also shown in Figure

40 8, may include a scale for indicating the distance

which the shaft 14 has been inserted into the

patient and also the radial orientation of the bal-

loon 16 for proper alignment with the prostate. In

addition, the distal end 15 (hereinafter referred to

45 as the flexible tip), of the shaft 14 which fits into

the balloon 16 is typically more flexible than the

remaining length of the shaft 14 to provide a more

comfortable fit in the patient and to reduce the

possibility of perforating tissue during use.

so Referring to Figures 1, 2 and 8, the shaft 14 Is

rigid so that when it is twisted radially at the handle

22, the balloon, shaft, and handle move as a unit to

ensure alignment The flexible tip 15 is typically

made of a more flexible material than the shaft 14,

55 and is bonded to the shaft 14 as indicated at

reference numeral 17. The outer balloon 62 is

anchored to the shaft 14 by a proximal clamp 60

and by an interference fit with the flexible tip 1 5 of

4
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the shaft 14. Similarly, the inner balloon 44 is

anchored to the shaft 74 by a proximal clamp 58

and by an interference fit with the flexible tip 15.

Figure 3 illustrates the anti-migration disc 18 in

more detail as it fits onto the shaft 14. The disc is

is semi-spherical and constructed from semi-rigid

plastic. The purpose of the anti-migration disc 18 is

to prevent the pickup probe 10 from migrating

superiorly due to the normal peristaltic activity of

the colon. The disc 18 has a slot 19 which snaps

onto the shaft, as shown in Figure 3, adjacent the

anal sphincter after the device has been operatively

placed within the patient.

Turning now to Figures 6 and 7. the connection

of the receiving coil 52 to the insulated intercon-

necting cable 30 will be described in more detail.

The receiving coil 52 is a flexible single turn coil

capable of picking up radio frequency (RF) signals.

In the preferred embodiment as mentioned pre-

viously, the inner balloon 44 of the patient interface

balloon 16 displaces the receiving coil 52 to the

inside of the anterior surface of the outer balloon

46 upon probe inflation. This optimizes the cou-

pling between the coil 52 and the target anatomy.

In order to minimize the dielectric losses in the

probe-patient interaction, the receiving coil 52 is

surrounded by a Faraday shield 66 to confine the

majority of the coil electrostatic field within a coil-

shield gap 68. Since the signal coupling from the

NMR proton spin systems to the receiving coil 52

is achieved exclusively by magnetic means, the

presence of the Faraday shield 66 will not detract

from the NMR signal, as it is essentially transpar-

ent to magnetic field interaction.

The reduction of electrostatic field interaction

between the patient and the probe will provide two

benefits. First there will be a reduced electrostatic

loss, and thus a greater coil quality factor & Sec-

ond, the effects of the specifics of a particular

patient on coil tuning will be reduced due to the

containment of the electrostatic field to a defined

region. The use of the Faraday shielded coil design

will also improve the signaHo-noise ratio perfor-

mance of the coil 52 by raising the coil Q. In

general, the signal to noise ratio of two geometri-

cally equivalent coils is proportional to the square

root of the loaded coil Q, as long as the apparent Q
occurs only from the current flowing in the resonant

path including the coil conductor.

The receiving coil 52 of the present invention,

in its preferred form, is operated in a series reso-

nant mode, and the interconnecting cable 30 is

used as a resonant transformer to convert the

probe impedance from a series resonance type to

a parallel resonant one as seen at the plug 32 of

the interconnecting cable 30. Typically, the inter-

connecting cable 30 is a coaxial cable. As illus-

trated in Figure 7, the receiving coil 52 is resonated

by a series capacitor 70. The length of the cable

30 is one quarter wavelength which allows remote

tuning of the receiving coil with one half as much
loss in the cable 30 in the series resonant configu-

s ration, rather than a parallel resonant configuration,

which would employ a one half wavelength cable to

connect the coil to the interface network 12. Use of

the one quarter wavelength cable also simplifies

the decoupling of the receiving coil 52, as will be

io described hereinafter.

As mentioned above, the connection of the

pickup probe 10 to the interface network 12 is

accomplished with a one quarter wavelength cable

30. In the preferred embodiment the receiving coil

J5 52 and the conductive portion of the cable 30 are

fabricated from a single piece of coaxial RF cable

as illustrated in Figure 7. The interconnecting cable

30 serves two system functions. First, in the signal

acquisition mode (receive mode), the cable trans-

20 forms the series resonant coil to appear as a par-

allel resonant device, according to the well known

relationship: Z^,^ = <Zc**J [Zc^u^fZ^ where

Zoupu, is the probe impedance as seen at the

interface network 12. 2^. is the characteristic

25 impedance of the cable 30 also used to construct

the coil 52, and Zinput is the series resonant imped-

ance of the receiving coil 52 itself.

As will be described in more detail hereinafter,

in the transmitting mode, when the coil.52 is to be

30 decoupled. Z^p* is the resistance placed In series

with the resonant path of the receiving coil 52 itself.

Zeal* is the characteristic impedance of the coaxial

cable used to construct the receiving coil 52 and

cable 30, and is the RF resistance of the PIN

3$ diode or crossed diodes (illustrated in Figure 9)

when forward biased in the transmit mode.

In operation, the probe 10 is inserted intrarec-

tally while the patient Interface balloon 16 is in the

uninflated relaxed state. The provided alignment

40 guide 55 is used to radially and longitudinally posi-

tion the probe 10 within or adjacent the region of

interest The patient interface balloon 16 is then

inflated via the inftator cuff 24 to optimize the

tissue to probe interface. The anti-migration disc 18

45 is then used to maintain proper positioning of the

pickup probe 10 during the clinical scanning proce-

dure. During insertion, the introducer 20 functions

as a dilator for the anal sphincter. The funnel

shaped introducer 20 sfides easily over the entire

so length of the shaft 14. Without the introducer, the

anal sphincter would contract around the shaft and

interfere with the ability to radially and longitudi-

nally position the pickup probe 10. Thus, the intro-

ducer 20 immediately follows the patient interface

55 balloon 16 to prevent the anal sphincter from con-

tracting around the shaft 14 of the pickup probe 10.

The clinician can then have free movement of the

probe 10 in the rectal cavity. Once the probe 10 is

5
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correctly placed, the introducer 20 is pulled interi-

orly along the shaft 14, allowing the sphincter to

contract around the shaft 14. This contraction as-

sists in holding the probe 10 in place.

Once the patient interface balloon 16 is in-

flated, the stop cock 28 is moved to a closed

position, thus allowing the clinician to disconnect

the inflater cuff 24 without deflating the interface

balloon 16. The probe 10 is then connected to the

interface network 12 via plug 32 of the cable 30.

Referring now to Figures 9-11. the interface

network 12 will be described in detail as it is used

with the insertable pickup probe 10 and a MRI or

NMR scanner 73. The interface network 10 serves

three purposes: tuning of the receiving coil 52 of

the probe 10 to the Larmour frequency of the MRI

or NMR scanner 73; transforming of the output

impedance of the probe 10 to match the scanner

input impedance, which is typically 50 ohms; and,

decoupling of the probe 10 during the transmit

portion of the scanning sequence. Tuning may be

accomplished manually or automatically. In the pre-

ferred embodiment an electronic optimization cir-

cuit is provided to automatically adjust the reso-

nance of the probe 10.

The receiving coil 52 of the probe 10 is series

resonant and includes a transformer in the form of

the one quarter wavelength cable 30 to convert the

series resonance to a parallel resonance. The fre-

quency of resonance may be altered by placing an

appropriate reactance between the scanner 73 and

the interconnecting cable 30, remote from the

probe 10 itself. As such, the probe 10 may be

tuned to the scanner 73 after the probe is inserted

into the patient.

As shown in Figure 9. the interface 12 includes

a conventional Pi network 72 consisting of a single

series inductor U and shunting capacitors C(m and

Cm«ef., at each end of the network 72. To facilitate

tuning of the probe 10, the input capacitor Cm of

the Pi network 72 is made variable as illustrated.

Thus, by changing the value of this capacitor, ei-

ther manually, or automatically by electronically

changing the voltage across a varactor diode which

may be substituted for the capacitor Ctun*, the net

reactance appearing across the output of the cable

30 from the probe 10 is adjusted. Since some of

the reactance of the capacitor Co** is absorbed

into the Pi network 72, the apparent reactance

presented to the probe output can appear resistive,

capacitivety reactive, or inductively reactive. This

allows the probe to be tuned both above and below

its natural resonant frequency, while limiting the

level of circulating resonance current in the inter-

connecting cable 30 to the lowest possible value

(ideally zero in the case where the natural reso-

nance of the insertable pickup probe matches the

Larmour frequency of the MRI or NMR scanner).

For automatic tuning of the probe 10, the con-

trol voltage for the varactor diode substituted for

the capacitor Otm in the Pi network 72, is obtained

from an electronic tuning circuit described

s hereinafter. Under manual tuning, the operator sim-

ply adjusts the variable capacitor CtQm to reduce

the S1 1 parameter of the receiving coil 52 as seen

at the output port 36 of the interface network 12, to

the minimum value. As is well known in the art the

to S1 1 parameter is the scattering parameter of stan-

dard RF measurements which indicates the ratio of

reflected to incident power at the input port of a

network. When the reflected power is 0. represent-

ing a voltage standing wave ratio (VSWR) of 1.0:1.

is the S1 1 parameter is also 0. When the VSWR is

infinite, representing all the incident power being

reflected at the input port, the S11 parameter is

1.0.

To match the impedance of the probe 10 to the

ao scanner 73. transformation of the real part of the

output impedance (in the range of 1,000 to 1.500

ohms in the preferred embodiment at 64 MHz) of

the probe 10 is accomplished with the Pi network

72 of Figure 9. Any impedance matching network

25 design could be used in place of the Pi network 72

illustrated in Figure 9. The values of the various

components comprising the Pi network 72 are cho-

sen to match the impedances of the probe 10 and

scanner 73.

30 During the transmitting portion of the scanning

procedure, the probe 10 must be decoupled from

the MRI scanner 73 to prevent distortion of the

transmitted magnetic field. This is accomplished by

the use of an RF switch at the probe input terminal

os 34 of the interface network 12. A PIN diode 74 or

crossed RF switching diodes can be used at this

location, as illustrated in Figure 9, to create a very

low impedance at the resonant frequency of the

probe 10 during transmit excitation. Because of the

40 impedance transforming capability provided by the

one quarter wavelength cable 32, the PIN diode 74

is forward biased with exceptionally low RF resis-

tance to appear as an open circuit in series with

the receiving coil 52. This limits the RF current flow

45 within the receiving coil 52 to a very low value, and

effectively decouples the receiving coil 52 from the

incident RF magnetic excitation field transmitted

into the patient This arrangement allows the de-

coupling diode switch 74 to be located remote from

so the probe 10, and can be reused as part of the

interface network 12 after the probe 10 is disposed.

Referring now to Figure 10, the circuitry for

accomplishing the automatic tuning of the receiving

coil 52 of the probe 10 is generally shown at 76.

55 This circuitry is incorporated within the interface

network 12 and operates by sampling the S11

parameter of the probe 10 and Pi network 72, to

generate a control voltage for tuning the probe 10

6
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with the varactor diode, substituted for Cttme, at the

probe input terminal 34 of the interface network 12,

and a circuit to lock the control voltage at the value

which optimizes the Si 1 parameter. The value of

the Si 1 parameter is determined by using a local

signal source 78 to replace the scanner output

terminal 36 on the interface network 12 during the

tuning procedure as accomplished by the switch 38

of the interface network 12. A directional coupler

80, connected to the local signal source 78 obtains

a sample of the reflected power from the signal

source when using the probe 10 and the interface

network 12 as a toad. This sample is fed to an

amplifier 82 and converted to a DC level. The

resulting OC signal is then fed into a slope detector

86 of either analog or digital design.

The slope detector 86, for example, may com-

prise a RF detector 84 and an analog to digital

converter 88 connected to a latch circuit 90 and a

digital comparator 92. The analog to digital con-

verter 88 is also connected, together with the latch

circuit 90 and the digital comparator 92 to a se-

quencer 94. The digital comparator 92 provides an

output stop command signal to a clock circuit 96

which controls the contents of a counter 98. The

value within the counter 98 determines the value of

the control voltage to be applied to the varactor

diode which is converted from a digital signal to an

analog signal by the digital to analog converter

100.

In general terms, the slope detector 86 deter-

mines the minimum point of a function, which func-

tion in this case is the ratio of reflected to incident

power (the S11 parameter). This function mon-

otonically increases in both directions from the

minimum point As the tuning is swept the function

is dropped until a minimum is reached, and then

begins to increase again.

The digital slope detector 86 compares the

digitized voltage level of a present data point of the

function, with the previous data point When it is

found that the present data point is equaJ to or

greater than the previous point a level shift from

logic 0 to logic 1 is output The control voltage

produced at the output of the digital to analog

converter 100 is ramped from a minimum value

towards a maximum value. When the DC level

representing the Si 1 parameter reaches zero slope

as it drops from a starting value, the varactor

control voltage is locked to the value at that point

Alternatively, the slope detector may be of an

analog design comprising an operational amplifier-

differentiator circuit This circuit takes the first de-

rivative of the voltage level. As the first derivative

or slope reverses direction, the operational am-

plifier output ramps rapidly from its negative rail

voltage towards its positive rail voltage. This occur-

rence can be used as a stop pulse to indicate the

minimum.

The slope detector circuit 86 can also be used

to indicate probe failure. This is accomplished in

two ways. First, the tuning of the Si 1 function

5 never crosses a minimum, or secondly, if the ab-

solute value of the tuning function (S1 1) becomes

greater than a predetermined maximum acceptable

value at the minimum. The first condition is an

indication of a non- resonant probe, either due to

jo component tolerance, failure, or improper construc-

tion. The second condition reveals a probe with an

excessively low or high Q, typically indicative of

improper construction or faulty materials.

Manual tuning can be accomplished by the

is circuit illustrated in Figure 1 1 and generally shown

at 102. All of the elements of circuit 102 are similar

to that of circuit 76 with the exception of the digital

voltmeter 104 substituted for the slope detector

circuit 86. The reflected power during the tuning

20 procedure is displayed as a scaler quantity on the

digital voltmeter 104 to provide information to the

operator relating to the status of the probe tuning.

The capacitance of the capacitor Ctwm is manually

varied during this procedure to minimize the re-

25 fleeted power.

Alternatively, in the event that the probe sys-

tem requires the ability to automatically control the

impedance matching as well as tuning, a second

varactor illustrated as Oman*' <n Figure 11, may be

30 employed as the output capacitor .of the Pi network

72. Adjustment of this reactance in an iterative

fashion together with the adjustment of the tuning

capacitor Clm may be accomplished by the auto-

* matic tuning circuit illustrated in Figure 10 by tog-

as' gling the optimization function between the two

capacitors.

The interface network 12 enjoys the benefits of

placing all of the decoupling, tuning, and imped-

ance matching hardware remote from the probe 10

40 itself to make the probe 10 compatible with MRI
and NMR scanners of different designs by modify-

ing only the interface network 12 and not the probe

10. Thus, all systems operating at any specific

frequency, such as the various 1.5 Tesla systems,

45 could be accommodated by a single probe type;

the variations in the system interface requirements

such as the decoupling method (active or passive),

connector type, input impedance, and the like

could be accommodated by system-specific inter-

so face designs. In addition, the interface network 12

can be designed to be applicable to a family of

probes of similar designs.

The above description is intended by way of

example only and is not intended to Hmit the

55 present invention in any way except as set forth in

the following claims.

7



13 EP 0 385 367 A1 14

Claims

1. An insertable intracavity probe for use in a

magnetic resonance system for obtaining images

or spectra of a region of interest within a cavity of a

patient said probe comprising:

an elongated shaft member having proximal and

distal ends, and having first and second lumens;

an inflatable interface balloon comprised of an in-

flatable inner balloon and a flexible outer balloon

enclosing said inner balloon;

a flexible coil contained within said interface bal-

loon between said inner balloon and said outer

balloon;

inflating means connected to said shaft member

and connected to said inflatable inner balloon via

said first lumen of said shaft member and

an interconnecting cable connected to said shaft

for providing electrical connection to said flexible

coil via said second lumen of said shaft member.

2. The insertable intracavity probe of claim 1,

and further comprising a non-stretchable plane at-

tached to the surface of said inner balloon adjacent

said flexible coil.

3. The insertable intracavity probe of claim 1,

wherein said inflating means comprises a com-

pressible inflator cuff and a tube connected to said

shaft member to deliver air upon compression of

the cuff to said inner balloon via said first lumen of

the shaft member, and further including a stop

cock on the tube connecting the inflating cuff to the

shaft member, said stop cock maintaining the inner

balloon in an inflated state when placed in a dosed

position.

4. The insertable intracavity probe of claim 1,

wherein said flexible coil is a series resonant coil,

and said interconnecting cable is a one quarter

wavelength cable which transforms the series reso-

nant coil to a parallel resonant coil as seen at the

proximal end of the cable.

5. An insertable intracavity probe for use in a

magnetic resonance system for obtaining images

or spectra of a region of interest within a cavity of a

patient said probe comprising:

an elongated shaft member having proximal and

distal ends;

an inflatable interface balloon means positioned

proximate the distal end of the shaft member, said

inflatable interface balloon being formed of a single

multi-ply inflatable balloon;

a flexible antenna coil contained within said inflat-

able interface balloon means and encapsu lated be-

tween the plies of said balloon;

inflating means connected to said inflatable inter-

face balloon means for selectively inflating said

interface balloon means for intimately placing said

flexible antenna coil adjacent said region of inter-

est and

an interconnecting cable electrically connected to

said flexible antenna coil for connecting said flexi-

ble coil to a remote scanning device.

6. An insertable intracavity probe for use in a

s magnetic resonance system for obtaining images

or spectra of a region of interest within a cavity of a

patient, said probe comprising:

an elongated shaft member having proximal and

distal ends, and having first and second lumens;

w an inflatable interface balloon comprised of an in-

flatable inner balloon and a flexible outer balloon

enclosing said inner balloon, said outer balloon

having an anterior saddle shape on one surface

thereof and lateral indentations on each side of

;s said outer balloon;

a flexible coil contained within said interface bal-

loon between said inner balloon and said outer

balloon and maintained in position in said interface

balloon by said lateral indentations of said outer

20 balloon;

inflating means connected to said shaft member

and connected to said inflatable inner balloon via

said first lumen of said shaft member and

an interconnecting cable connected to said shaft

25 member for providing electrical connection to said

flexible coil via said second lumen of said shaft

member.

7. The insertable intracavity probe of claim 1.

wherein said flexible coil and said interconnecting

so cable are formed of a single piece of RF coaxial

cable.

8. An insertable probe for use in a magnetic

resonance imaging system, said probe comprising:

a series resonant receiving coil;

35 an interface means for placing said receiving coil

intimately adjacent a region of interest of a patient

and

a one quarter wavelength interconnecting cable for

connecting said probe to an interface device at its

40 proximal end, said cable causing said receiving coil

to appear as a parallel resonant coil at the proximal

end of said cable.

9. A magnetic resonance imaging system in-

cluding:

45 an insertable intracavity probe having a receiving

coil for placement proximate a region of interest

within a cavity of a patient said receiving coil being

a series resonant coil;

a magnetic resonance imaging scanner

so a separable interface network for coupling said

probe with said scanner and including impedance

matching means to match the output impedance of

said probe with the input impedance of the scan-

ner, tuning means to tune the resonant frequency

55 of the probe to the Larmour frequency of the scan-

ner, decoupling means for decoupling the probe

from the scanner during a magnetic resonance

imaging transmission procedure; and

8
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a one quarter wavelength interconnecting cable for

connecting to said receiving coil at its distal end

and connecting to said interface network at its

proximal end, said one quarter wavelength cable

allowing said receiving coil to appear as a parallel

resonant coil at said proximal end of said cable.

10. An interface network for interfacing a mag-

netic resonance imaging pickup probe with a mag-

netic resonance imaging scanner, said pickup

probe having a receiving coil and being electrically

connected to said interface network by an intercon-

necting cable, said interface network comprising:

an input terminal for receiving as input said inter-

connecting cable of said pickup probe;

an output terminal for connection to said magnetic

resonance imaging scanner

tuning means for tuning said pickup probe to a

predetermined scanning frequency of said mag-

netic resonance imaging scanner;

impedance matching means for matching the out-

put impedance of said pickup probe with the input

impedance of said magnetic resonance imaging

scanner and

decoupling means for decoupling said pickup

probe from said magnetic resonance imaging scan-

ner during a magnetic resonance imaging transmis-

sion event.

11. The interface network of daim 10. wherein

said impedance matching means comprises a Pi

network connected in series with said pickup probe

and said magnetic resonance imaging scanner and

having a series inductor and first and second

shunting capacitors, said second capacitor being

positioned on the side of said inductor proximate

the magnetic resonance imaging scanner and hav-

ing a predetermined value to cause the Pi network

to transform the real part of the output impedance

of sad pickup probe to match the input impedance

of the magnetic resonance imaging scanner.

12. The interface network of daim 10, wherein

said tuning means comprises a Pi network con-

nected in series with said pickup probe and said

magnetic resonance imaging scanner and having a

series inductor and first and second shunting ca-

pacitors, said first capacitor being connected to

said inductor on the side of said inductor proximate

said pickup probe, said first 'capacitor being vari-

able for adjusting a selected electrical parameter of

said pickup probe to tune the resonant frequency

of the pickup probe to said predetermined scan-

ning frequency of said magnetic resonance imag-

ing scanner.

13. The interface network of daim 10. and

further comprising a Pi network connected in series

with said pickup probe and said magnetic reso-

nance imaging scanner and having a series induc-

tor and first and second shunting capacitors, and

wherein said decoupling means comprises a diode

connected in parallel with the one quarter

wavelength cable from the receiving coil of the

pickup probe and the Pi network to the magnetic

resonance imaging scanner, said decoupling

5 means forward biasing the diode during a magnetic

resonance imaging transmission procedure to cre-

ate an open circuit in series with the receiving coil

of the pickup probe.

14. The interface network of claim 10, wherein

to said tuning means comprises a Pi network con-

nected in series with said pickup probe and said

magnetic resonance imaging scanner and having a

series inductor, an input shunting varactor diode

adjustable by a control voltage, and an output

is shunting capacitor, and wherein said interface net-

work further comprises a circuit for automatically

adjusting the control voltage of said varactor diode

for tuning the resonant frequency of said pickup

probe to said predetermined scanning frequency of

20 said magnetic resonance imaging scanner.

15. The interface network of claim 14. wherein

said circuit for automatically tuning said pickup

probe comprises:

a local RF signal generating means selectably

25 coupled to said Pi network and said pickup probe

for delivering an electrical signal thereto;

sampling means for sampling the power reflected

from the pickup probe and the Pi network:

converting means for converting the sample of the

reflected power to a DC signal level;

slope detector means for detecting when said DC
signal level reaches a zero slope as it drops from

an initial value and adjusting the control voltage of

said varactor diode according to the slope of said

35 DC level signal.

16. The interface network of claim 15, wherein

said drcuit for automatically tuning said pickup

probe further comprises a locking means for lock-

ing said control voltage of said varactor diode when

40 said DC signal level reaches zero slope.

17. An interface network for interfadng a mag-

netic resonance imaging pickup probe with a mag-

netic resonance imaging scanner, said interface

network comprising:

45 tuning means for tuning said pickup probe to a

predetermined scanning frequency of said mag-

netic resonance imaging scanner,

impedance matching means for matching the out-

put impedance of said pickup probe with the input

so impedance of said magnetic resonance imaging

scanner and

decoupling means for decoupling said pickup

probe from said magnetic resonance imaging scan-

ner during a magnetic resonance imaging transmis-

55 sion procedure.

18. The interface network of daim 17. wherein

said tuning means and said impedance matching

means comprises a Pi network connected in series

9
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with said pickup probe arid said magnetic reso-

nance imaging scanner and having a series induc-

tor and first and second shunting varactor diodes,

and further comprising an electronic circuit for ad-

justing the control voltage of said first varactor

diode for tuning said pickup probe, and adjusting

the control voltage of said second varactor diode

for impedance matching the pickup probe with the

magnetic resonance imaging scanner.

19. The interface network of claim 17. wherein

said impedance matching means comprises a Pi

network connected in series with said pickup probe

and said magnetic resonance imaging scanner,

said Pi network comprising a series inductor and

first and second shunting capacitors, said first ca-

pacitor being variable, said interface network fur-

ther including an electronic circuit comprising:

a local RF signal generator selectively coupled to

said Pi network and said pickup probe, and for

delivering an electrical signal thereto;

sampling means for sampling the power reflected

by said Pi network and said pickup probe; and

display means for displaying the power reflected as

sampled by said sampling means to allow an oper-

ator to adjust the value of said variable capacitor to

tune the pickup probe to the Larmour frequency of

said magnetic resonance imaging scanner.

20. The interface network of claim 19, wherein

said second capacitor is variable, the value of said

second capacitor being adjusted by said electronic

circuit to match the output impedance of said pic-

kup probe with the input impedance of said mag-

netic resonance imaging scanner.

21. An interface network for interfacing a mag-

netic resonance imaging pickup probe with a mag-

netic resonance imaging scanner, said pickup

probe having a receiving coil and being electrically

connected to said interface network by an intercon-

necting cable, said interface network comprising:

an input terminal for receiving as input said inter-

connecting cable of said pickup probe;

an output terminal for connection to said magnetic

resonance imaging scanner and

impedance matching means for matching the out-

put impedance of said pickup probe with the input

impedance of said magnetic resonance imaging

scanner, said impedance matching means compris-

ing a Pi network connected in series with said

pickup probe and said magnetic resonance imag-

ing scanner and having a series inductor and first

and second shunting capacitors, said second ca-

pacitor being positioned on the side of said induc-

tor proximate the magnetic resonance imaging

scanner and having a predetermined value to

cause the Pi network to transform the real part of

the output impedance of said pickup probe to

match the input impedance of the magnetic reso-

nance imaging scanner.

22. An interface network for interfacing a mag-

netic resonance imaging pickup probe with a mag-

netic resonance imaging scanner, said pickup

probe having a receiving coil and being electrically

s connected to said interface network by an intercon-

necting cable, said interface network comprising:

an input terminal for receiving as input said inter-

connecting cable of said pickup probe;

an output terminal for connection to said magnetic

io resonance imaging scanner; and

tuning means for tuning said pickup probe to a

predetermined scanning frequency of said mag-

netic resonance imaging scanner, said tuning

means comprising a Pi network connected in series

is with said pickup probe and said magnetic reso-

nance imaging scanner and having a series induc-

tor and first and second shunting capacitors, said

first capacitor being connected to said inductor on

the side of said inductor proximate said pickup

zo probe, said first capacitor being variable for adjust-

ing a selected electrical parameter of said pickup

probe to tune the resonant frequency of the pickup

probe to said predetermined scanning frequency of

said magnetic resonance imaging scanner.

25 23. An interface network for interfacing a mag-

netic resonance imaging pickup probe with a mag-

netic resonance imaging scanner, said pickup

probe having a receiving coil and being electrically

connected to said interface network by an intercon-

30 necting cable, said interconnecting cable being a

one quarter wavelength cable, said interface net-

work comprising:

an input terminal for receiving as input said inter-

connecting cable of said pickup probe;

as an output terminal for connection to said magnetic

resonance imaging scanner,

a Pi network connected in series with said pickup

probe and said magnetic resonance imaging scan-

ner and having a series inductor and first and

40 second shunting capacitors; and

decoupling means for decoupling said pickup

probe from said magnetic resonance imaging scan-

ner during a magnetic resonance imaging transmis-

sion event said decoupling means comprising a

45 diode connected in parallel with the one quarter

wavelength cable from the receiving coil of the

pickup probe and the Pi network to the magnetic

resonance imaging scanner, said decoupling

means forward biasing the diode during a magnetic

so resonance imaging transmission procedure to cre-

ate an open circuit In series with the receiving coil

of the pickup probe.

24. An interface network for interfacing a mag-

netic resonance imaging pickup probe with a mag-

55 netic resonance imaging scanner, said pickup

probe having a receiving coil and bang electrically

connected to said interface network by an intercon-

necting cable, said interface network comprising:

10
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an input terminal for receiving as input said inter-

connecting cable of said pickup probe;

an output terminal for connection to said magnetic

resonance imaging scanner: and

tuning means for tuning said pickup probe to a

predetermined scanning frequency of said mag-

netic resonance imaging scanner, said tuning

means comprising a Pi network connected in series

with said pickup probe and said magnetic reso-

nance imaging scanner and having a series induc-

tor, an input shunting varactor diode adjustable by

a control voltage, and an output shunting capacitor,

and wherein said interface network further com-

prises a circuit for automatically adjusting the con-

trol voltage of said varactor diode for tuning the

resonant frequency of said pickup probe to the said

predetermined scanning frequency of said mag-

netic resonance imaging scanner.

25. An interface network for interfacing a mag-

netic resonance imaging pickup probe with a mag-

netic resonance imaging scanner, said pickup

probe having a receiving coil and being electrically

connected to said interface network by an intercon-

necting cable, said interface network comprising:

an input terminal for receiving as input said inter-

connecting cable of said pickup probe:

an output terminal for connection to said magnetic

resonance imaging scanner; and

tuning means for tuning said pickup probe to a

predetermined scanning frequency of said mag-

netic resonance imaging scanner, said tuning

means comprising a Pi network connected in series

with said pickup probe and said magnetic reso-

nance imaging scanner and having a series induc-

tor, an input shunting varactor diode adjustable by

a control voltage, and an output shunting capacitor,

and wherein said interface network further com-

prises a circuit for automatically adjusting the con-

trol voltage of said varactor diode for tuning the

resonant frequency of said pickup probe to the said

predetermined scanning frequency of said mag-

netic resonance imaging scanner, and wherein said

circuit for automatically tuning said pickup probe

comprises:

a local RF signal generating means selectably

coupled to said Pi network and said pickup probe

for delivering an electrical signal thereto;

sampling means for sampling the power reflected

from the pickup probe and the Pi network;

converting means for converting the sample of the

reflected power to a DC signal level; and

slope detector means for detecting when said DC
signal level reaches a zero slope as it drops from

an initial value and adjusting the control voltage of

said varactor diode according to the slope of said

DC level signal.

26. An insertable intracavity probe for use in a

magnetic resonance imaging system for obtaining

images of a region of interest within a cavity of a

patient said probe comprising:

an elongated shaft member having proximal and

distal ends, and having at least one lumen;

5 an inflatable interface balloon comprised of an in-

flatable inner balloon and a flexible outer balloon

enclosing said inner balloon;

a flexible coil contained within said interface bal-

loon between said inner balloon and said outer

10 balloon;

inflating means connected to said shaft member
and connected to said inflatable inner balloon via

said lumen of said shaft member and

an interconnecting cable connected to said shaft

75 for providing electrical connection to said flexible

coil via said lumen of said shaft member.

27. The insertable intracavity probe of claim

26, wherein said elongated shaft member com-

prises a rigid elongated portion and a flexible distal

20 tip portion.

28. The insertable intracavity probe of claim

27, and further comprising a handle at the proximal

end of said shaft member, wherein said shaft mem-

ber, said interface balloon, and said handle are

25 bonded together to rotate as a single unit when

torque is applied at said handle.

29. The* insertable Intracavity probe of claim

25, and further including alignment marker means

on said shaft member to indicate the relative Ion-

30 gitudinal and radial position of said shaft member
when inserted into a patient

30. A magnetic resonance imaging system in-

cluding:

an insertable intracavity probe having a receiving

35 coil for placement proximate a region of interest

within a cavity of a patient said intracavity probe

being designed as a disposable device;

a magnetic resonance imaging scanner;

a separable interface network for coupling said

40 probe with said scanner and including impedance

matching means to match the output impedance of

said probe with the input impedance of the scan-

ner, tuning means to tune the resonant frequency

of the probe to the Larmour frequency of the scan-

45 ner. decoupling means for decoupling the probe

from the scanner during a magnetic resonance

imaging transmission procedure.

31. The insertable intracavity probe of claim

26, wherein said interface balloon is formed of a

so single mufti-ply inflatable balloon, with the flexible

coil being encapsulated between the plies of the

balloon.

32. An insertable intracavity probe for use in a

magnetic resonance Imaging system for obtaining

55 images of a region of interest within a cavity of a

patient said probe comprising:

an elongated shaft member having proximal and

distal ends;

11
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an inflatable interface balloon means;

a flexible coil contained within said interface bal-

loon means;

inflating means connected to said inflatable inter-

face balloon means; and

an interconnecting cable for providing electrical

connection to said flexible coil.

33. The insertable intracavfty probe of claim

32. wherein said elongated shaft member comr-

pises a rigid elongated portion.

34. The insertable intracavity probe of claim

33. wherein said elongated shaft member further

comprises a flexible distal tip portion.

35. The insertable intracavity probe of claim

34. and further comrpising a handle at the proximal

end of said shaft member, wherein said shaft mem-

ber, said interface balloon, and said handle are

bonded together to rotate as a single unit when

torque is applied at said handle.

36. An insertable intracavity probe for use in a

magnetic resonance system for obtaining images

or spectra of a region of interest within a cavity of a

patient said probe comprising:

an elongated shaft member having proximal and

distal ends, and having first and second lumens;

an inflatable interface balloon comprised of an in-

flatable inner balloon and a flexible outer balloon

enclosing said inner balloon;

a flexible coil contained within said interface bal-

loon between said inner balloon and said outer

balloon;

inflating means connected to said shaft member

and connected to said inflatable inner balloon via

said first lumen of said shaft member
an interconnecting cable connected to said shaft

for providing electrical connection to said flexible

coil via said second lumen of said shaft member

and

wherein said shaft member includes a positioning

scale printed on the outer surface thereof.

37. Ah insertable intracavity probe for use in a

magnetic resonance system for obtaining images

or spectra of a region of interest within a cavity of a

patient said probe comprising:

an elongated shaft member having proximal and

distal ends, and having first and second lumens;

an inflatable interface balloon comprised of an in-

flatable inner balloon and a flexible outer balloon

enclosing said inner balloon;

a flexible coil contained within said interface bal-

loon between said inner balloon and said outer

balloon;

inflating means connected to said shaft member

and connected to said inflatable inner balloon via

said first lumen of said shaft member
an interconnecting cable connected to said shaft

for providing electrical connection to said flexible

coil via said second lumen of said shaft member

and

an anti-migration disc, said anti-migration disc hav-

ing a semi-spherical shape and a slot which snaps

into said shaft member for preventing unwanted

s movement of said probe relative to the cavity of the

patient

38. An insertable intracavity probe for use in a

magnetic resonance system for obtaining images

or spectra of a region of interest within a cavity of a

10 patient said probe comprising:

an elongated shaft member having proximal and

distal ends, and having first and second lumens;

an inflatable interface balloon comprised of an in-

flatable inner balloon and a flexible outer balloon

75 enclosing said inner balloon;

a flexible coil contained within said interface bal-

loon between said inner balloon and said outer

balloon:

inflating means connected to said shaft member

20 and connected to said inflatable inner balloon via

said first lumen of said shaft member
an interconnecting cable connected to said shaft

for providing electrical connection to said flexible

coil via said second lumen of said shaft member;

25 and

a dilator element slidably mounted on said shaft

member for dilating an orifice leading to said cavity

to allow easy positioning of the probe within the

cavity.

30 39. A magnetic resonance imaging system in-

cluding:

an insertable intracavity probe having a receiving

coil for placement proximate a region of interest

within a cavity of a patient

35 a magnetic resonance imaging scanner

a separable interface network for coupling said

probe with said scanner and including impedance

matching means to match the output impedance of

said probe with the input impedance of the scan-

40 ner, tuning means to tune the resonant frequency

of the probe to the Larmour frequency of the scan-

ner, decoupling means for decoupling the probe

from the scanner during a magnetic resonance

imaging transmission procedure.

45

50
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